Slow-release bioplastic fertilizer (BpF) composites were developed by processing oil palm empty fruit bunch (EFB), fertilizer, and poly(hydroxybutyrate-co-valerate) (PHBv) using extrusion techniques with controlled formulation and temperature. The temperature was kept at 150 ∘ C for 3 to 5 min during processing using twin-screw extruder. The PHBv lost weight gradually with the increasing temperature and its thermal degradation occurred initially at 263.4 ∘ C and reached the maximum at 300.7 ∘ C. Scanning electron microscope (SEM) images showed that the bonding of all composites created small gaps between matrices polymer and fiber because the hydrophilic characteristic of EFB fibers weakened the interfacial bonding. PHBv/EFB/NPKC2 showed faster biodegradation over PHBv/NPKC1 and PHBv/NPKC2, which was 99.35% compared to 68.66% and 90.28%, respectively.
Introduction
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) commercially known as Biopol6 is a derivative of poly(3-hydroxybutyrate) (PHB). PHB has been widely studied as biomedical and biodegradable materials. One of the main hurdles in its commercial applications is the postprocessing embrittlement [1] . Some researchers claimed that the embrittlement is not related to its physical aging but actually caused by secondary crystallization during storage [2] [3] [4] where a low temperature melting peak of 75 ∘ C appears.
The use of bioplastic fertilizers (BpF) in agriculture and horticultural industry has been going on for decades. It is considered as an advanced approach within the slow-release fertilizers (SRF), which play an important role in efficiently delivering the nutrients for plant uptake while controlling the longevity of the product. Most of the SRF used in agriculture industry utilize this type of SRF [5] . Compared to traditional water-soluble fertilizers used in fertigation, BpF may only require a single application to supply enough nutrients for the plants for an extended period, hence the lower labour costs needed to apply fertilizers. Furthermore, BpF is also often applied together within the media to grow the seedlings.
Uncontrolled or excessive use of fertilizers leads to huge economic losses of resources, apart from being the main cause of environmental pollution [6, 7] . Therefore, using SRF can help solve these issues [8] [9] [10] . SRF has the ability to release nutrients at a predetermined time and rate to suit the plant uptake at different growth stages [11] . The rate and time of nutrient release are optimized by manipulating the physical and/or chemical characteristics of the fertilizer, involving mechanisms such as diffusion, degradation, and hydrolysis [12] . The rate of nutrient dissolution is also coordinated according to the plant requirements. SRF has many advantages against conventional fertilizers. One of them is the ability to allow gradual release of nutrients, which increases the efficiency of nutrient uptake and leads to higher yield [13, 14] . A setback in using polymer coating for SRF is the issue of degradability of the materials used for coating because they will remain in soil after nutrient release. The accumulation 2 International Journal of Polymer Science of these materials will eventually become a bigger issue of environmental pollution. Therefore, many studies have been dedicated to developing biodegradable and environmentally safe polymer coating materials [15] [16] [17] [18] [19] .
The demand for natural fibers has seen a drastic increase in recent years because they are renewable and environmentally friendly. Natural fibers have high potential as reinforcements in polymer composites and thus they have been extensively studied for this purpose [20] . As fillers, they have many advantages, such as lower cost, light weight, low density, high strength to weight ratio, biodegradability, and better thermal properties and other acceptable specific properties [21] .
Various materials have been tested to be used as fertilizer coating, involving different methods such as spouted bed, fluidized bed, and rotating drum. Tennessee Valley Authority (TVA) tried using rotating drum to produce sulphur-coated urea (SCU) [22] . Then, another study reported the use of spouted bed to produce SCU [23] . Ten years after that, a researcher develops a technique modified fluidized bed to coat urea [24] . All the three approaches have been reviewed and studied further by more recent researchers [25] [26] [27] [28] . Regardless of the procedures, the quality of SRF and the accuracy of nutrient release time depend on various parameters.
In this study, the extrusion process involved the compounded NPK fertilizer with EFB and biopolymer. Based on the literature review, CRF/SRF available in the market are commonly made of nonbiodegradable plastic/polymer by means of dipping, emulsion, or spraying. The novelty of this study was the use of compounding method in producing SRF, with the incorporation of biodegradable polymer PHBv. The idea was to add the EFB fibers to reinforce the bioplastic fertilizer and produce SRF bioplastic composites. This bioplastic fertilizer (BpF) composite is able to gradually degrade in soil within a shorter period of time compared to conventional fertilizers. In this study, the BpF composites have to determine degradation in soil burial test. The data on degradation of BpF composites were analyzed using ANOVA (SAS system analysis).
Materials and Methods

Materials.
Poly(hydroxybutyrate-co-valerate) (PHBv) under the trade name Biopol, Germany, was supplied by Innovative Pultrusion Sdn. Bhd., Senawang, Negeri Sembilan. The natural fibers used as fillers were oil palm empty fruit bunch (EFB) fibers, which were supplied by Poly Composite Sdn. Bhd., Teluk Intan, Perak. NPKC1 (uncoated) and NPKC2 (coated) fertilizers were supplied by Diversatech Fertilizer Sdn. Bhd, Bangi, Selangor, Malaysia. The average particle sizes of the EFB and fertilizer in granular form were 0.25 to 0.5 mm.
Bioplastic Fertilizer (BpF) Composites Formulation and
Compounding Using Extrusion Processing. The compounding of materials in this section was carried out in twin-screw extruder (Micromac, Malaysia) with a 30 mm screw diameter. Biodegradable plastics PHBv and oil palm empty fruit bunch and NPK fertilizer were dried at 103 ± 2 ∘ C overnight in a drying oven. The materials to be compounded were fed at a constant speed into the hopper extruder by means of a screw feed system. The product was bioplastic fertilizer (BpF) composites containing biodegradable plastic, empty fruit bunch, and NPK fertilizer. These components were homogenized in the mixer. The reverse barrel temperature profile from the feed throat to die exit ranged from 145 ∘ C to 160 ∘ C. The formulation of bioplastic fertilizer (BpF) composites is presented in Table 1 . The premix was fed into the main feeder at the speed of 15 rpm. The extruder screw speed was 40 rpm. The temperature was about 145 ∘ C for Section I, about 150 ∘ C for Section II, and about 160 ∘ C for Section III.
Thermogravimetric Analysis (TGA).
The equipment used in thermogravimetric analysis was TGA Q500, TA Instruments. Ten milligrams of samples was heated under the temperature range from 35 ∘ C to 600 ∘ C at the rate of 10 ∘ C/min. The analysis required nitrogen atmosphere with the flow rate of nitrogen at 20 mL/min. The weight reduction of samples was recorded and plotted against temperature.
Differential Scanning Calorimetry Analysis (DSC).
The equipment used in DSC analysis was Differential Scanning Calorimeter DSC Q20, TA Instruments. The analysis required argon atmosphere with the flow rate of argon at 50 mL/min. Ten milligrams of samples was weighted and sealed in an aluminium pan. In the nonisothermal melt-crystallization, the melted samples were cooled to −20 ∘ C at a cooling rate of 10 ∘ C/min after melting at 200 ∘ C for 2 min. Subsequently, the crystallized samples were heated to 250 ∘ C at 10 ∘ C/min to determine their melting behavior. In the isothermal meltcrystallization, the samples melted at 200 ∘ C for 2 min were cooled at a rate of 100 ∘ C/min to the desired crystallization temperature ( ) and allowed to crystallize. Each sample was recorded for its cold crystallization temperature ( ), glass transition temperature ( ), and melting temperature ( ).
Scanning Electron Microscopy (SEM).
Scanning electron microscope (S-3400N, Hitachi, Japan) was used to analyze the surfaces of the fractured samples. At the cathode, the acceleration voltage was set at 15 kV. Prior to this, the samples were sputter-coated with gold dust in the coater Emitech K550X (600 s, 35 mA, 2 × 10 −1 bar).
Biodegradation Test.
The BpF composites biodegradation test involved the simulation of natural soil environment in a simple soil burial test. The natural soil was collected earlier and it was made sure that it did not contain any composting materials or enzyme activity. In this test, 5 replications samples were simply buried in the natural soil and were kept at temperature between 25 ∘ C and 30 ∘ C, with relative humidity of around 65%. The test spanned for a total of 16 weeks and the samples were recovered every four weeks for analysis. Thus, there were seven degradation stages, starting from Week 0, Week 4, and so on until Week 16. For each stage, the samples recovered were rinsed under running water to get rid of soil residues from the surface. Drying oven with the temperature of 80 ∘ C was used to completely remove the moisture until a constant dry weight was obtained for each sample. The weight loss after the soil burial test indicated the level of biodegradability of the samples. The calculation of weight loss involved the following equation:
where 0 is the weight before the test while 1 is the weight after the test.
Results and Discussion
Fabrication of Bioplastic Fertilizer (BpF) Composites.
The samples of the BpF composites are shown in Figure 1 . After compounding, the samples were extruded from mould and cut to about 30 mm in length. In this study, the samples of BpF composites were compounded to achieve homogeneity, with good bonding and dispersion. One of the best methods to obtain good dispersion of fillers in the biopolymer matrix is the twin-screw extrusion technique [29, 30] . However, the sensitivity of the temperature during compounding processes involving extrusion or injection moulding is limited [31] . The interaction between matrix and fillers (reinforcement) that provide larger surface area improves the mechanical properties as well as the dimensional and thermal stability of the composite [32, 33] . The process conditions, which determine the dispersion and the adhesion/interaction between the fillers and the matrix, influence the enhancement of the composite material [34, 35] . Table 2 and Figure 2 show the TGA results and the curves which illustrate the weight loss of pure PHBv, EFB fibers, and the BpF composites under increasing temperature. The loss of weight was directly proportional to the increase in temperature. The thermal degradation started at 263.44 ∘ C and reached its maximum at 300.73 ∘ C. The pure PHBv has earlier been reported to have thermal instability beyond 250 ∘ C [36] . It was also mentioned that the chain scission and hydrolysis that occur in the degradation process lead to weight loss and crotonic acid formation. The moist environment further catalyzes the hydrolytic degradation. The cumulative thermal degradation PHBv as the matrix and the EFB fibers as the fillers resulted as the thermal degradation of the biocomposites. The thermal degradation of the composites started at approximately 250 ∘ C and reached its maximum at 400 ∘ C. The TGA results revealed that the fibers were the final component of the composites that underwent degradation. The maximum thermal degradation of the composite was slightly higher than the pure PHBv. As seen in Figure 2 , the degraded PHBv did not show any residue. The residual mass was presented as functions of fiber and fertilizer percentage because the degradation of fiber by heating (pyrolysis) in partial or total absence of oxygen produced char residue. Higher concentration of fertilizer in the composites produced higher char residue, but the residue was expected to be lower than the NPK fertilizer for all composites. The thermal degradation of PHBv largely involved cis-elimination mechanism and random chain scission with a six-membered ring transition state [37, 38] . The PHBv/EFB/NPKC2 composite was more stable than PHBv because it had a higher maximum degradation peak than PHBv. The composite was also found to be more thermally stable than other composites because it required higher initial degradation temperature. Thus the presence of NPK and EFB fiber did not have any degradation effect on PHBv. Table 3 presents the DSC results. The addition of NPK fertilizer and EFB fiber to make the BpF composites reduced the crystallinity of the pure PHBv. The DSC thermograms in Figure 3 show reduced melting temperature and the presence of double melting peaks, which suggested a disrupted arrangement of polymer crystal structures due to the addition of EFB fiber to the PHBv matrix. Past studies have reported the nucleating effect of natural fibers which promotes the formation of transcrystalline structures along fiber surfaces during crystallization from the melt [39] . The disordered crystal growth along the interface of fiber-matrix and their interference on the crystals formation in the bulk probably caused the discontinuities in the matrix crystals and reduced the overall crystallinity of the polymer. Figure 3 shows the thermograms of pure PHBv blended with 10 wt.% EFB fibers and 60% NPK fertilizer. The details are given in Table 3 where is the melting temperature, is the glass transition temperature, and is the crystallization temperature. The effects of EFB fibers on the crystallinity and nucleation of PHBv were studied using the nonisothermal DSC. The crystallization of the heterogenous crystal during the heating cycle led to a bimodal endotherm of PHBv [40] . In the presence of fertilizer, the addition of 10 wt.% EFB fibers increased the crystallization rate, probably because the molecular chains diffused slower through the welldistributed EFB fibers to the nucleus. Figure 4 (a) PHBv/ NPKC1 and (b) PHBv/NPKC2, shows SEM images of the PHBv and NPK fertilizer composites. These images show some NPKC1 and NPKC2 that were well bonded to the matrix. This suggests that the PHBv/NPKC1 and PHBv/NPKC2 composites had better dispersion, wetting, and interfacial adhesion. It was evident that there were weak stress transfer and bad interfacial adhesion between the interfaces of PHBv International Journal of Polymer Science 5 Note: means of weight loss for the weight loss labelled with the same letters (a, ab, b, c, and d) were not significantly different at < 0.05. Standard deviation is given in parentheses. PHBv (poly(hydroxybutyrate-co-valerate)), NPKC1 (uncoated) and NPKC2 (coated), and EFB (empty fruit bunch), 5 replications of samples. matrix and EFB fibers. This could be observed in the SEM images of the compounding fractured surfaces, as shown in Figure 4 (c) PHBv/EFB/NPKC1 and (d) PHBv/EFB/NPKC2. Bad interfacial adhesion caused led to total debonding of the fibers from the matrix. As shown in Figure 4 (c) PHBv/EFB/ NPKC1, the EFB fiber protruded from the fractured PHBv composite surfaces. For PHBv/EFB/NPK composite, it was clear that weak interfacial adhesion manifested between the small gaps of the fibers and the matrix. Figure 4 (d) PHBv/ EFB/NPKC2, also showed that the same situation occurred in the other PHBv composite. It has been discussed that the differences in polarity between PHBv and EFB fibers caused them to have low compatibility with each other, which led to the weak bonding.
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Biodegradation of Bioplastic Fertilizer (BpF) Composites.
The results from ANOVA analysis, Table 4 , and Figure 5 show that the degradation rates of BpF composites were not significantly different, which was at < 0.05. Table 4 shows the rate of biodegradation composite samples. From the results, PHBv/EFB/NPK composites showed highest weight loss or greatest biodegradation along the study. The first stage of biodegradation involved the microbial attack on the surface of the polymer. An increase in water absorption enhanced the hydrolysis of ester groups on the PHB backbone [37] . The water absorption also caused debonding and enhanced dispersion of EFB fibers. Consequently, all of these led to more surface area exposed to microbial degradation, further increasing the biodegradation rate. The biodegradation rate of polymers is influenced by multiple factors such as microbial activity, surface area, moisture, temperature, pH, and nutrients. However, PHBv is not affected by moisture and also not soluble in water. It is stable for an indefinite period in air and no degradation should occur under normal storage conditions. In anaerobic conditions, the PHA degradation produces water, CO 2 , and methane (CH 4 ) while only water and CO 2 are produced in aerobic conditions. The extent of polymer biodegradability is mainly determined by its chemical and physical properties. PHAs with high molecular weight are more resistant to biodegradation. In studying polymer biodegradability, it is also important to consider the melting temperature of the polymer. Figure 5 depicts some of the samples that underwent the soil burial test for 4, 8, and 16 weeks. Significant degradation could be observed between Weeks 8 and 16. Most of the polymers biocomposites have degraded starting from Week 4, though PHBv/NPKC1 and PHBv/NPKC2 still kept some of their original shapes. The percentages of total weight loss for all samples are shown in Table 4 . PHBv/EFB/NPKC2 (99.35%) degraded better than PHBv/NPKC1 (68.66%) and PHBv/NPKC2 (90.28%) and had 30% higher weight loss compared with PHBv/NPK. The test was halted after 16 weeks because it was no longer possible to accurately measure the weight loss beyond that point. The samples lacked structural integrity and seemed to be a mass of EFB fibers with many of the components already degraded. Figure 6 shows the evidence from morphological images. The bonding of all composites created small gaps between matrices polymer and fiber because hydrophilic characteristic of the EFB fiber weakened the interfacial bonding. This gave advantage to the fiber in BpF to be degraded faster than PHBv composites. EFB fiber also absorbed water, degraded slowly, and swelled, allowing the release of fertilizer into soil. Furthermore, the presence of EFB fibers increased the surface area for the biodegradation of the composites. Figure 6(a) shows that the presence of EFB fibers in the composites enhanced biodegradation process, as indicated by the increase in the weight loss percentages of the samples. Figure 6 (b) also shows that the PHBv/EFB/NPK biocomposites underwent more degradation after 8 weeks of soil burial test. It was assumed that the enhanced degradation of International Journal of Polymer Science 7 the composites was caused by the weak adhesion between the interface of PHBv matrix and EFB fibers. Figure 6(c) shows the complete detachment of components in PHBv/EFB/NPK biocomposites after 16 weeks. The formation of larger gaps due to detachment allowed more access for the microbes to reach the internal parts of the biocomposites, hence the enhanced biodegradation.
Conclusions
The PHBv/EFB/NPKC2 composite was more stable than pure PHBv because the former had a higher maximum degradation peak and it required higher initial degradation temperature. The PHBv composite degradability was improved by the addition of EFB fibers which increased the hydrophilicity of the composites. PHBv/NPKC1 and PHBv/NPKC2 reinforced with 10 wt.% EFB fiber were degraded faster in soil burial test. SEM results showed that the PHBv/NPKC1 and PHBv/ NPKC2 composites without EFB fibers had better dispersion, wetting, and interfacial adhesion, hence the lower rate of biodegradation.
